Abstract: ISO 28961, which describes the statistical distribution of hearing thresholds of otologically normal young persons, was established in 2012. The thresholds are those for pure tones of frontal incidence under binaural listening conditions in a free field. Percentiles of the threshold distribution are calculable as a function of frequency from 20 Hz to 16,000 Hz. This international standard is based on the study results of the present authors, who estimated the form of individual distribution using threshold data in their experiments and those in literature adopted in ISO 226 and ISO 389-7. However, because the results were published separately in four journal papers, users of the standard may encounter difficulty in understanding the process of how the threshold data have been integrated and how the threshold distribution has been determined. Therefore, the authors summarize them in this review paper and present an outline of the threshold distribution estimation so that the standard will be understood correctly and used widely.
INTRODUCTION
The hearing threshold for pure tones has been an object of interest for audiologists, hearing researchers, and practitioners of noise evaluation. The average values of thresholds obtained under fundamentally identical conditions agree remarkably well even when different researchers have measured different groups of listeners in separate experiments. Normative hearing thresholds of otologically normal young listeners have been established as ISO 226 [1] and ISO 389-7 [2] .
However, it is noteworthy that the hearing thresholds in those two international standards are ''average'' values. Variation exists among individual thresholds even for listeners with normal hearing. Furthermore, the size of the variation is not negligibly small: a few tens of decibels at some frequencies. Therefore, if a person has a slightly higher threshold than the normative value, one cannot state immediately that that person's hearing sensitivity has deteriorated.
The fact that large individual differences exist also presents implications for noise evaluation. The ISO threshold curve is often consulted when the audibility of noise at a near-threshold level is a matter of concern. The ''average'' of thresholds means that about half of the young population has a threshold lower than that value. Therefore, it is no wonder that a frequency component in noise, the level of which is lower than the threshold by a few decibels, is detected by some people and that it causes a noise problem.
To settle the difficulties and confusion described above, the authors have determined the hearing threshold variation among individuals for nearly the entire range of audible frequencies. This study was completed by conducting psychoacoustic experiments and by collecting data from the literature published by other researchers. ISO 28961 [3] represents the product of many years of study.
ISO 28961, as established in January 2012, provides percentiles of the hearing threshold distribution whose median corresponds to the reference threshold value specified in ISO 226 and ISO 389-7. The percentile thresholds are those for pure tones of frontal incidence when otologically normal persons within the age range of 18-25 years inclusive hear tones binaurally in a free field. The percentiles are given for the preferred frequencies in the one-third-octave series from 20 Hz to 16,000 Hz inclusive and for some intermediate audiometric frequencies.
Results of the research on which ISO 28961 is based have been published in four journal papers [4] [5] [6] [7] . The threshold data that were used and the procedures for estimating the form of threshold distribution are described there. However, because they are presented separately in those papers, a user of the international standard might have difficulty grasping an overview of the research.
This review is intended to present the hearing threshold data and the derivation process of threshold distribution described in ISO 28961, summarizing the study results from the four manuscripts with some additional remarks. The authors hope that it will help the reader gain a better understanding of the international standard so that the standard will be used in various fields of practical application.
ESTIMATION OF DISTRIBUTION OF INDIVIDUAL HEARING THRESHOLDS

General
To estimate a distribution of thresholds with high precision, it is necessary to repeat threshold measurements under specified conditions, sampling as many persons from a target population as possible. However, the number of subjects that can be examined in a single study is usually not sufficiently large for estimation purposes.
To overcome this difficulty, the authors collected threshold datasets of two kinds: (i) those that the authors measured themselves and (ii) those collected by other researchers and presented later in research papers along with statistics with which the threshold distribution can be estimated. Many of the latter datasets had been used for deriving the normative threshold in the two ISO standards [1, 2] , so that the threshold distribution around the normative threshold was calculable and the consistency among international standards was maintained to the greatest extent possible. Consequently, 9 out of 15 research papers cited in these two standards [8] [9] [10] [11] [12] [13] [14] [15] [16] were used for the threshold distribution estimation.
Measurement Conditions of Hearing Threshold
Hearing threshold data used in the above-mentioned studies were those measured under the following conditions: (a) a sound field in the absence of the listener consists of a free progressive plane wave (free field); (b) a sound source is directly in front of the listener (frontal incidence); (c) sound signals are pure (sinusoidal) tones; (d) the sound pressure level is measured in the absence of the listener at the position where the center of the listener's head would be; (e) listening is binaural; and (f) the listeners are otologically normal persons of 18-25 years old inclusive, as defined in ISO 389-1 [17] . Other conditions conformed with or were regarded as equivalent to those specified in ISO 389-9 [18] .
2.3. Form of Hearing Threshold Distribution 2.3.1. At frequencies lower than 10,000 Hz [4] Statistical processing of the data and description of the results become easier if the dispersion of individual data can be approximated using a normal distribution (see Sect. 2.4). However, it is not possible to assume a priori that hearing thresholds of individuals in decibels follows a normal distribution. Rather, the normality should be examined using measurement data.
This examination was conducted in two different ways. First, threshold data of 89 individuals that the authors collected [4, 19] were used for statistical analyses. The results of a test for the goodness of fit to a normal distribution showed that deviation of the data from a normal distribution was not statistically significant at frequencies of 1,000 Hz to 16,000 Hz.
Second, threshold distributions of four datasets, two measured by the authors [4, 19] and the other two referred from the literature [13, 14] , were examined in terms of their asymmetry and peakedness. These two measures respectively resembled skewness and kurtosis, but they differed in that they were calculable using the 25th and 75th percentiles reported in the literature. Figure 1 portrays the results.
Both measures are expected to have a value of one on the ordinate at every frequency if the individual threshold variation follows a normal distribution. The marks in the panels in Fig. 1 scatter around that value and show no systematic deviation over the examined frequency range. Consequently, the results of these two examinations suggested that the variation of hearing thresholds of individuals could be approximated using a normal distribution.
However, regarding the data more closely, a systematic deviation from the normal distribution was found at frequencies of 10,000 Hz and above, as described in the next section. 2.3.2. At frequencies of 10,000 Hz and above [7] At a frequency of 10,000 Hz or higher, the individual threshold distribution is skewed: it is asymmetric on the decibel scale. This fact is not clearly observable in Fig. 1 , but it is apparent if skewness is calculated directly using threshold data of individuals, as presented in Fig. 2 .
This figure plots the skewness that the authors derived from two sets of threshold data for 89 individuals [4, 19] . It is observed that the skewness deviates from zero at frequencies of 10,000 Hz and above. Skewness greater than zero in this case means that the distribution is asymmetrical and that it is skewed toward higher sound pressure levels. Some listeners in the two studies had an extraordinarily high threshold at those frequencies.
However, those listeners should not be judged as ''abnormal'' because they were all rigorously screened, otologically normal people. Rather, Fig. 2 reveals that the individual difference in thresholds is so great in the highfrequency region that the inherent deviation from normal distribution becomes apparent.
Considering the statistical analysis described in Sect. 2.4, it would be convenient if the threshold distribution were approximated using a normal distribution also for the high frequencies. For that purpose, the power transformation [20] was applied to the individual threshold data, which is written as
where x and X are the thresholds of individuals, respectively, before and after the power transformation. Choosing the values of and appropriately ðx À > 0; > 0Þ, the distribution of X in the power-transformed domain that best fits a normal distribution can be determined. Thus, by applying the power transformation to the threshold data in [4, 13, 14, 19, 21] , the standard deviations of threshold distribution at frequencies of 10,000 Hz and above were estimated in the power-transformed domain. Figure 3 presents an example of threshold distributions before and after the power transformation ( ¼ 6:271 and ¼ 0:06283). The fit to a normal distribution improves substantially after the power transformation at frequencies as high as 16,000 Hz. 2.3.3. At frequencies of 50 Hz and below [6] The hearing thresholds described in the previous two sections were those measured in a free field (see Sect. 2.2). As the tone frequency decreases to about 50 Hz or lower, it becomes difficult to generate a plane wave because of the sound reflection at the inside walls of the measurement room. For that reason, measurements in the studies adopted in ISO 226 and ISO 389-7 were few at low frequencies.
To increase the accuracy of threshold distribution estimation for the low-frequency region, measurement data collected under another condition, i.e., in a pressure field, should be included. Fortunately, it is known that the thresholds measured in a free field and those in a pressure field mutually agree well [22] ; the threshold data measured in those two fields can be combined. Figure 4 presents a histogram of thresholds at 20 Hz measured in a pressure field. The threshold distribution can be approximated as a normal distribution even at this very low frequency. On the basis of the results of this analysis, low-frequency threshold data in four studies [23] [24] [25] [26] that were not used in ISO 226 and ISO 389-7 were additionally adopted to improve the accuracy of threshold distribution estimation. Fig. 1 Individual threshold distribution analyzed in terms of (a) asymmetry and (b) peakedness. Med, median; P x , xth percentile; s, standard deviation. Adopted from [4] . The references in the figure were renumbered for this review. Fig. 2 Skewness of hearing threshold distribution at high frequencies. Open and filled circles denote two datasets measured separately for different listener groups [4, 19] . Adopted from [7] . The references in the figure were renumbered for this review.
Integration of Standard Deviations of Threshold Distribution Measured in Separate Studies [4]
The discussion up to this point leads to the conclusion that the distribution of individual thresholds expressed in decibels can be approximated as a normal distribution at frequencies below 10,000 Hz, down to 20 Hz. At frequencies of 10,000 Hz to 16,000 Hz, the approximation can be done after a power transformation of individual thresholds.
Dispersion of data having a normal distribution can be described solely by its standard deviation (SD). It is noteworthy here that we are not interested in measures of the central value for threshold data, because the purpose of this study is to estimate the distribution of thresholds around that value.
As stated in Sect. 2.1, threshold data measured in separate studies are integrated to improve the estimation accuracy. This integration was conducted as described below to derive the SD of the target population from which thresholds under the measurement conditions in Sect. 2.2 were sampled.
Assume that we have threshold data obtained in m studies. In each study, the number of listeners was n i (i ¼ 1; 2; . . . ; m) and the unbiased estimate of SD, t , of the population was i (i ¼ 1; 2; . . . ; m). The SD of the population from which all the threshold data were sampled can be estimated as
In this calculation, even if the number of listeners in each study, n i , was small, the SD of the population, t , was derived from a larger number of listeners, AEn i . Thereby, the estimation accuracy was improved. For example, the SD at 1,000 Hz, where the number of listeners was the largest, has been derived from threshold data of 345 individuals. The SD, t , estimated in this manner is presented in Fig. 5 as a function of frequency. [5] The SD curve in Fig. 5 has many peaks and valleys on the frequency axis. However, it is unlikely that the threshold distribution changes so abruptly between adjacent frequencies. Instead, those peaks and valleys should be regarded as artifacts generated by irregularity among studies, e.g., the number of listeners employed.
Smoothing the Estimated SD Curve
The SD curve was smoothed using the best-fit 10th-degree polynomial of log frequency. The SDs that were obtained from only one laboratory (e.g., that at 25 Hz) and the SD at 18 kHz were not included in this calculation because they were regarded as less reliable than those at other frequencies and might engender an undesirable estimate of fitting. Figure 6 shows the resulting curve.
For the frequencies of 10,000 Hz and above and of 50 Hz and below, the SDs in Fig. 6 were not adopted in ISO 28961 because threshold data were treated in different ways (see Sects. 2.3.2 and 2.3.3). The SDs for the two frequency regions were smoothed separately from those for the middle frequencies [6, 7] . Fig. 4 Histogram of hearing thresholds at 20 Hz measured in the pressure field [6] . Normal distribution curve with the mean and standard deviation of the threshold data is superimposed. Fig. 3 Histogram of hearing thresholds at 16,000 Hz (a) before and (b) after power transformation [7] . Normal distribution curve with means and standard deviations of threshold data is superimposed.
Distribution of Individual Thresholds for the
Entire Range of Audible Frequencies The procedure described above generated the estimated distribution of individual thresholds for nearly the entire range of audible frequencies of 20 Hz to 16,000 Hz, which engendered the establishment of ISO 28961. Some percentile curves of hearing thresholds calculated from the estimated distribution are depicted in Fig. 7 , the ISO 226 and ISO 389-7 thresholds being the median of distribution.
In statistics, a ''percentile'' refers to a value calculated directly from individual raw data. However, in this international standard, that term is used as a value on the estimated threshold distribution that corresponds to the percentage from the lower-tail end.
Examining these curves, one can estimate the sound pressure level as a function of frequency at which a certain percentage of the population of young people with normal hearing can hear a pure-tone component in noise, for example. In fact, ISO 7779 [27] adopts the first percentile threshold of the authors' study [4] as an audibility criterion of discrete tone in noise emitted from information technology and telecommunications equipment.
Another application field of the threshold distribution is audiology. For example, referring to the 5th and 95th percentiles at an arbitrary frequency, one can estimate the level range around the median threshold in which the hearing thresholds of 90% of the young population are expected to fall. This range can serve as a reference when evaluating whether the hearing sensitivity of a person is normal or not.
CONCLUDING REMARKS
The thresholds described in ISO 28961 are those for young people aged 18 to 25 years only. The hearing threshold is well known to elevate gradually with aging. Fig. 6 Standard deviation of hearing threshold distribution smoothed using the best-fit 10th-degree polynomial of log frequency. Circles designate the total SDs in Fig. 5 . Adopted from [5] . The reference in the figure was renumbered for this review.
Fig. 7
Selected percentile curves of individual threshold distribution, the ISO reference threshold [1, 2] being the median: X, frequency in Hz, on a log scale for X < 10;000 and a linear scale for X ! 10;000; Y, sound pressure level in dB; P x , xth percentile. P 1 and P 99 are for information only because percentiles on the tails of threshold distribution are liable to have a large uncertainty of estimation. Adapted from ISO 28961 [3] . Marks show standard deviations reported from respective studies. Adopted from [4] . The references in the figure were renumbered for this review.
The age-related change of the hearing threshold at audiometric frequencies is described in another international standard, ISO 7029 [28] . Using both standards, a comprehensive picture of our hearing thresholds can be ascertained, considering individual differences and aging effects. It is noteworthy that the audiometric data on which ISO 7029 is based are fairly old. Therefore, the threshold change with aging described in the standard might not properly represent the auditory profile of people in recent years [29] . This international standard has been under revision since 2005, referring to the latest audiometric data [30] .
